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Abstract 
In this study, a duplex nano-corrugated and nanostructured surface was produced using an ultrasonic nanocrystalline surface 
modification (UNSM) technique. The objective of this study is to demonstrate the ability of UNSM technique to produce a 
desired nano-corrugated and nanostructured surface in order to improve the frictional behavior of Cu alloy. The experimental 
friction test results showed that the UNSM-treated specimen led to a lower friction coefficient compared to the untreated 
specimen, which may be attributed to the effects of UNSM technique.   
© 2013 The Authors. Published by Elsevier Ltd.  
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Nomenclature 
F total striking load (N) 
Pst static normal load (N) 
Pamp amplitude of dynamic load  
f             interval (mm) 
t             treatment time (min) 
1. Introduction  
The incessant miniaturization of electronic devices over the past few decades demanded the development of 
nanoscale production techniques. However, cost-effective methods for the production of nano-corrugated and 
nanostructured surfaces have attracted increasing attention in recent years. Tiny devices have developed into a 
dominant global industry. The ubiquitous need in the industry is to improve their performance and to prolong the 
service life by controlling frictional behavior. Friction between two surfaces in relative motion while in contact is 
known to be caused by the interplay of complicated phenomena that depend on the material combination and sliding 
conditions.  
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There are various techniques have been proposed in recent years to produce a nano-corrugated surface by E-beam 
lithography and an electrostatic self-assembly of nanodiamond (ESAND) [1], polymer surface relief gratings 
(PSRG) [2], glancing incidence ion bombardment (GIIB) [3], radio frequency plasma-assisted chemical vapor 
deposition (r.f.-PACVD) using Ni dots [4] and molecular beam epitaxy (MBE) [5], and nanostructured surface by 
shot peening (SP) [6], high-frequency ultrasonic peening (HFUP) [7] and surface mechanical attrition treatment 
(SMAT) [8]. However, all these techniques have own advantages and limitations since they involve several 
problematic steps or high-tech instruments.    
Hence, a duplex nano-corrugated and nanostructured surface is expected to reduce the friction coefficient by 
suppressing the wear debris generation, removing the wear particle from sliding interface and/or preventing the wear 
particle agglomeration. Therefore, the development of cost-effective technique which is adaptable to various metals 
and alloys is still required.  
In this paper, a novel ultrasonic nanocrystalline surface modification (UNSM) technique was proposed to 
produce a nano-corrugated and nanostructured surface on a Cu alloy since the performance of tiny devices made of 
Cu alloy requires an anti-friction surface. This technique can also generate a number of micro-dimples at the top 
surface of various metals and alloys [9]. Hence, the objective of this study is to demonstrate the ability of UNSM 
technique to produce a desired nano-corrugated and nanostructured surface in order to improve the frictional 
behavior of tiny devices. For this purpose, the frictional behavior of the untreated specimen was compared to that of 
the UNSM-treated specimen.  
2. Experimental methods 
2.1. Specimen preparation 
Cu alloy with the chemical compositions of (in wt.%) 81.13 Cu, 10.78 Sn, 4.45 C, 2.66 O, 0.52 Fe and 0.47 Si, 
was sintered on a low carbon steel substrate using a powder metallurgy (P/M) technique. Details of the P/M can be 
found in our previous study [10]. Cu alloys commonly contain Sn (about 10 in wt. %) as a strengthening component 
distributed in a Cu matrix as a separate phase in form of small particles. Also, Fe has a particle-strengthening effect 
due to uniform distribution and close combination with Cu matrix [11]. Moreover, it causes grain refinement due to 
its lowering solubility which serves to strengthen the alloy and to impart anti-frictional properties [10].  
2.2. Ultrasonic nanocrystalline surface modification technique 
The UNSM technique may conventionally be classed with techniques that directly deform the surface with the 
use of ultrasonic vibrations. The principle of the UNSM is based on the instrumental conversion of harmonic 
oscillations of an acoustically tuned body into resonant impulses of ultrasonic frequency. The acoustically tuned 
body is brought to resonance by energizing an ultrasonic transducer. The energy generated from high frequency 
impulses strike a specimen surface with the total force (Ft=Pst+Pdy) [9]. It has been successfully used in the past to 
produce nano structured and micro-dimpled surfaces on metals and alloys[12,13]. Details of the UNSM technique 
along with its applications can be found in ourprevious publication as well [9].  
 
Figure 1 shows the schematic of a typical process of producing a nano-corrugated and nanostructured surface. In 
a typical UNSM technique, a tungsten carbide (WC) tip (in diameters of 1.2~4 mm) and/or a silicon nitride (Si3N4) 
ball (in diameters of 3~6 mm) is attached to an ultrasonic horn, which strikes a specimen surface up to 20K shots per 
square millimeter in a very short period of time [9]. However, in this study, for the first time the UNSM was carried 
out using a WC tip with a diameter of 0.1 mm at a high-frequency of 20 kHz, an amplitude of 10 ȝm, an impact load 
of 1 N. The total striking force can be calculated using an "Equation (1)". The specimen was installed into a flexible 
manufacturing system (FMS) carrier, which is reciprocally moved with a speed of 3000 mm/min and an interval of 
0.01 mm. No post-treatment polishing was done after UNSM treatment.  
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Fig. 1. Schematic of a process of producing a nano-corrugated and nanostructured surface. 
 
ftPPF ampst S2sin                                                                          (1) 
2.3. Nano-corrugated and nanostructured surface  
Figure 2 shows the cross-sectional optical microscope (OM) micrographs of the untreated and UNSM-treated 
specimens. It can be seen from Figure 2(b) that the plastic deformation layer with a thickness of about 60 ȝm is 
observed in the surface layer of the UNSM-treated specimen. During the UNSM treatment, the top surface layer was 
deformed plastically at a very high strain rate, leading to the formation of nano-sized grains. By means of plastic 
deformation, size of the coarse grains in the surface layer of a conventional bulk material can be reduced down to 
the nanometer scale without changing its overall composition or phase. Nanoscale grain structures can provide 
tremendous improvements in strength, hardness and other mechanical properties compared to coarse grain 
structures. This is partially due to the suppression of dislocation generation within the nanocrystalline grains and 
dislocation movements, which results in entirely different deformation modes at the nanoscale [14].  
 
Figure 3 shows the three-dimensionnel (3D) atomic force microscope (AFM) image and the corresponding cross-
sectional profile of the nano-corrugated specimen. AFM imaging was measured in contact mode at a sampling rate 
of 256 lines with 256 pixels per line using a silicon tip with a radius of 10 nm. It was confirmed by AFM that the 
UNSM treatment parameters as mentioned above  can generate a nano-corrugated surface with an average surface 
roughness of about 5 nm,a maximum peak-to peak of 10 nm and a wavelength of 2000 nm. This simple production 
of a nano-corrugated and nanostructured surface could  be implemented in micro-electro-mechanical systems 
(MEMS), especially to generate excitations called surface plasmons on a chip.  
 
  (a)  (b)  
 
                         Fig.2. Cross-sectional OM micrographs of theuntreated (a) and UNSM-treated (b) specimens. 
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Fig.3. 3D AFM image (a) and corresponding cross-sectional profile (b) of the nano-corrugated surface. 
2.4. Friction tests 
Frictional behavior of the untreated and UNSM-treated specimens was investigated using a commercial 
reciprocating ball-on-disk micro-tribometer (UMT-2, CETR, USA). Details of the tribometer used in this study can 
be found elsewhere [10,15]. The lower Cu alloy specimen (20×40×5 mm3) slides reciprocally against a Si3N4 ball 
(1.0 mm in diameter). The Si3N4 ball was selected as a counter surface due to the wide application in various 
industries including electronics. All the tribo tests were carried out at an applied normal load of 10mN and a 
reciprocating speed of 4 mm/s with a 4 mm stroke under dry and oil-lubricated conditions at room temperature with 
a relative humidity of 50%. An engine oil was used as a lubricant in all the tests. The volume of oil used in each test 
was about 20 ȝl which was poured out into a disk  specimen surface using an electronic syringe. At least three 
friction tests under each experimental conditions were performed in order to minimize data scattering. The average 
of the three replicated test results was reported. Prior to testing, all the specimens were cleaned with acetone for 10 
min to remove the contaminants from the surface.  
3. Results and discussion 
Figure 4(a) and (b) present the variation in friction coefficient as a function of reciprocating time for the 
untreated and UNSM-treated specimens under dry and oil-lubricated conditions, respectively. It can be seen from 
Figure 4(a) that the friction coefficient of the untreated specimen increased gradually during the first 3 min of 
sliding and then stabilized to the friction coefficient value of about 0.35. Such frictional behavior may be caused by 
the formation of wear debris which can result in severe plowing [13]. The friction coefficient of the UNSM-treated 
specimen was significantly lower than that of the untreated specimen, which increased gradually with increasing 
reciprocating time and then became relatively stable till 5 min of sliding and decreased gradually again during the 
second half of the test. This friction behavior may be attributed to the gradually removal of nano-corrugated surface 
debris due to wear with increasing reciprocating time. 
In the case of oil-lubricated conditions, the friction coefficient of the untreated and UNSM-treated was much 
lower compared to that of the dry conditions. The friction coefficient of the untreated and UNSM-treated specimens 
increased gradually with increasing reciprocating time and reached about of 0.132 and 0.095 after 5 min of sliding 
and then stabilized, respectively. The friction behavior may be attributed to the localized fracture of the transfer 
layer and interaction of the particles at the contact interface [16]. This frictional behavior can also be explained that 
the contact area between the specimens increased gradually with increasing reciprocating time and due to the 
interaction of debris at the sliding interface until a steady-state condition is reached [17]. 
As a result, the UNSM-treated specimen reduced the friction coefficient as the shear stress at the contact interface 
decreased due to the reduction in contact interfaceowing to the nano-corrugated structure. Although the adhesion 
(a) (b) 
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can be reduced depending on the surface roughness, the interface interactions can still be quite adhesive when the 
surface roughness at the nano-scale. On the other hand, the improved frictional behavior may also be attributed to 
the increase in hardness due to grain refinement and work-hardening effects on the surface layer following the Hall-
Petch relationship [9].  
 
 
 
 
 
 
 
 
 
 
(a)                                                                               (b) 
 
Fig.4.Variation in friction coefficient of the untreated and UNSM-treated specimens as a function of reciprocating time under dry (a) and oil-
lubricated (b) conditions. 
4. Conclusions 
In this study, a nano-corrugated and nanostructured surface was produced by UNSM technique and its effects 
on the frictional behavior of Cu alloy were investigated. The following conclusions may be drawn from the 
experimental results: 
- The friction coefficient of the UNSM-treated specimen was lower than the friction coefficient of the 
untreated specimen under dry and oil-lubricated conditions.  
- The technique which was described is a novel, rapid and easy method to produce a nano-corrugated and 
nanostructured surface by using a WC tip with a diameter of 0.1 mm. Such surface structure may be 
implemented in tiny devices that are made of Cu alloy for further growth. A production of nano-corrugated 
and nanostructured surface is also expected to lead to interesting applications in plasmonics, photonics, 
electronics and nanotechnology as well.  
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